Abstract -To reduce the impact of human activities on soil erosion and to increase C sequestration, a series of alternative systems have been tested in recent years on hillside agriculture in Mexico. Among other systems, conservation tillage and intercropping staple crops and fruit trees have been successful. Since accumulation of C occurs in those systems, it is concluded that the rate of C entrance to the soil-plant exceeds the rate of C exit. The identification and understanding of the structure of such a system, its components, and the role of each one of these components, is fundamental to intervening in order to enhance reduction of soil erosion and C sequestration. A summary of experiments on this subject collected in Mexico is presented in the present paper. The most striking findings are: hillside agricultural systems can store, and probably sequester, as much C as secondary native forestry systems, and soil erosion and C losses are small when proper management systems are applied.
INTRODUCTION
Mexico's population has increased from 25 to approximately 100 million inhabitants in half a century, but the country's surface is the same, nearly 200 million hectares. Only 11% of the total land is apt for farming, and only 16% of this is prime arable land suitable for high-input agriculture. Six million hectares are irrigated, but water is one of the most serious limiting factors for present and future agriculture. The rest of the land is mostly either located on steep-slope terrain or in marginal semiarid conditions inhabited by just over 3 millions farmers (INEGI, 1998; Tiscareño et al., 2000) . The shortage of farmland has resulted in increasing aggression to native forest and in a constant increment of steep slopes being cultivated. As a consequence, temperate and tropical forests have experienced a reduction of 30 and 75% since 1960, respectively. According to the World Resources Institute (WRI, 2002) , Mexico ranks among countries with the highest annual rates of native forest losses.
Agriculture is practiced in the four ecological macro-regions recognized in Mexico: an arid and semiarid region (<500 mm annual rainfall) covering approximately one-half of the national territory, a dry tropical region (900-1 200 mm, with seasonal rainfall) that occupies one-fourth of the surface and the remaining areas (13 and 8%) are covered by the temperate hilly areas (600-900 mm) and the humid tropics (>1 200 mm), respectively (Claverán, 2000) . Accelerated soil erosion affects 80% of Mexico's land (Maass and García-Oliva, 1990 ) and nearly 535 million tons of soil is lost annually (SEMARNAP, 1997) . According to Maas and García-Oliva (1990) , more soil has been lost during the last 40 years than in the past four centuries. Concurrent surface and gully erosion from deforestation and inappropriate cultivation of non-irrigated land have been identified on 65 to 85% of the land (Bocco and García-Oliva, 1992) . The erosion is aggravated by the topographic and weather conditions of the country, which presents extreme variations in altitude (sea level to more than 5 000 m) and climate conditions ranging from desert to tropical humid forest (<200 mm to >2 000 mm rainfall).
Land degradation and erosion are common features in most of the agricultural land in Mexico, particularly on hillside agriculture along the sierras that criss-cross the country, but mainly in the southern part where rainfall is abundant. The main types of land degradation and percentage of land affected are presented in Table I ( CONAZA, 1994) . Biological degradation is also caused by loss of the topsoil and excessive cropping. The former ranges from less than 10 Mg ha -1 up to 200 Mg ha -1 (CONAZA, 1994) and seriously reduces productivity. Water erosion is closely associated with slopes higher than 10% and management practices which tend to leave the soil without protection when the rainy season starts. Eolic erosion is more common under arid and semiarid conditions. Losses of approximately 140 Mg ha -1 of soil have been reported for eolic erosion (Amante, 1989; Osuna, 1991) . The average soil loss in the country is approximately 2.8 Mg ha -1 (Figueroa and Ventura, 1990) . Biological erosion is the second largest degradation process after water erosion in Mexico and it represents the rate of organic matter mineralization. Approximately 80% of the territory is affected by biological degradation. Organic matter degradation is more likely to occur in areas closer to coastlines and less likely in the semiarid and arid zones. Both soil degradation processes are closely related to C sequestration capacity. Soil conservation practices as well as agronomic practices have been introduced to reduce soil degradation. These practices help to retain the soil C in their storages and may contribute to increasing the rate of C sequestration.
SOIL CARBON AND CARBON SEQUESTRATION
Appropriate tillage techniques were viewed in the past as soil erosion mitigation tools. However, today they are also viewed as a means to increase soil C sequestration. Soil organic C (SOC) plays a key role in the global C cycle and acts as a sink for atmospheric CO 2. This pool can be managed to increase the terrestrial SOC pool . However, the potential of the ecoregions to sequester C varies with soil type and depth, climate, land use and management. Soil tillage methods without soil inversion, like no-tillage systems, help to increase the SOC pool (Lal, 1984 (Lal, , 1989 . Conversely, soil management practices leading to soil inversion and disturbance may result in a decrease in the SOC content. The SOC is an important contributor to soil quality. Because of these reasons, SOC has received increased attention as a possible method to store C and reduce future increases in atmospheric CO 2 concentration (Kern and Johnson, 1993) . However, limited information has been published in Mexico on the effect of conservation tillage on soil C (Báez, 2001; Salinas et al., 2001; Sandoval, 1997; Velásquez and Pérez, 2001) . A brief summary of some relevant case studies recently published is presented.
Soil carbon and soil management.
Mega-environment 2 case study (Sandoval, 1997) Table II shows the effect of conventional, zero tillage and previous crop residues management on soil organic matter (SOM), SOC, soluble-C, Kjeldahl N and C/N after 5 years in a Phaeozem representative on Mega-Environment 2 (Highland Valleys of Mexico, Kenya, Ethiopia) (Sandoval, 1997; . The data given are the average value of eight different rotations including maize, wheat and vicia. Zero tillage influenced SOC, soluble-C and N, in the first 40 cm of the profile. The largest effects of tillage systems were observed on SOC and soluble-C in the 0 to 5 cm depth increment. Zero tillage treatments accumulated more SOC than conventional tillage in the superior soil layers after 5 years, but more SOC was accumulated in the 0 to 20 cm depth increment of conventional Table II . Effect of soil tillage and residue management on soil organic matter (OM), total soil organic C (C), soluble-C (Csol), Kjeldahl-N (NKj) and C/N after 5 years of treatment (Sandoval, 1997) . With residues 1.8a 1.06a 0.234a 0.10a 11a
Without residues 1.7a 1.00a 0.213a 0.09b 11a † Different letters after the number indicates significant differences. Comparison must be made between zero and conventional tillage and between with and without residues. tillage than zero tillage. This was attributed to the effect of surface soil being plowed under. Surface soil contains more root and plant residues than the underlying soil. When this is plowed under it increases the SOC in the lower layer. Carbon could be retained in deeper layers for longer periods than the C in the soil surface. Zero tillage resulted in more water being retained in the upper 5 cm of the soil profile.
Carbon stocks in different land-use systems in hillside conditions in Mexico (Etchevers, 2002; Martínez, 2002)
An example of carbon content in the above-ground, root and soil components under different land-use systems are presented in Table III .
The highest C stock (above -ground + roots + soil) was found in the Mixe watershed (306 Mg ha -1 ) and the lowest in the Cuicateca (84 Mg ha -1 ). However, C stocks associated with different land uses (secondary native forest, permanent agricultural crops, and annual and mixed annual + fruit trees crops) did not differ much within the watersheds. The hypothesis that under hillside conditions the agricultural systems accumulate as much C as secondary native forest systems was confirmed. Table IV. C capture by residual weeds and stubble measured after harvesting the maize and C sequestered by fruit trees in various management systems In a similar manner, it was observed that C stored in the underground portion of the systems was higher than that stored in the above-ground one. In general, more than 90% of the C was stored in the soil in the agricultural systems and less than 90% in the secondary native forestry. A trend to store a major proportion of the C in the aboveground portion of the system was observed as the secondary forestry vegetation grew older. The annual increment of C in the system including fruit trees was approximately 1 to 2 Mg ha -1 y -1 . C stocked in the soil depends more on the quality of residues and moisture conditions than on the age of the system. The analysis of the vertical distribution of C underground showed that C percentage diminished with depth. Approximately 60% of C was concentrated in the first 50 cm of the soil profile (Acosta et al., 2001 (Acosta et al., , 2002 ; however, a great spatial variability of the C was observed within small distances in both the experimental and observation plots (Vergara et al., 2002) . Table IV shows the amount of C that can be captured in weeds, stubble, and peach and coffee trees of living walls and barrier systems (PLW < 30), conservation tillage (CT) and traditional tillage (TT), in the two experimental micro-watersheds (Mazateca and Mixe). Weeds can introduce between 1 and 2.5 Mg ha -1 y -1 of C to the system, while C in crop residues may add between 2 and 4 Mg ha -1 y -1 of C. Part of this C is rapidly mineralized but some remains in the soil contributing to the soil C pools. High density peach tree plantations used as living walls to prevent erosion in hillside conditions can sequester between 1 and 2 Mg ha -1 y -1 of C during the first years after planting. This rate of C sequestration is considered comparable to rates exhibited by forestry systems (Galinski and Küppers., 1994) .
Total C and dissolved-C losses due to erosion under hillside conditions in a micro-watershed of the Northern Sierra of Oaxaca are presented as an example in Table V (Martínez, 2002) . C lost in the soil sediments and in the water runoff was rather small in spite of the high slopes (ranging from 20 to 60%) and the rainfall (between 2000 and 2200 mm). Soil water infiltration was very high.
The C in the soil sediments and water runoff plots was very small in spite of the high slopes. The insignificance of the C lost can be explained by the low rate of erosion and high rate of water infiltration. Traditional land use such as slash-andburn may not be as aggressive to soil C as is generally considered.
Carbon accumulation in recovered hardened volcanic materials ("Tepetates") (Báez et al., 2002)
Báez (2001) presents information on the evolution of C concentration in hardened volcanic material (tepetates) after their physical and chemical properties were ameliorated (Fig. 1) . The C content of the original material is close to nil. Accumulated C (sequestered) is a clear function of management and time. Large extensions of these materials could be habilitated and subjected to conservation practices to capture atmospheric carbon in Mexico.
Management effects on soil carbon accumulation (Salinas et al., 2001; Velázquez et al., 2001)
Salinas et al. (2001) and Velázquez and Pérez (2001) observed that zero tillage and preserving the crop residues in the surface resulted in more organic C accumulation in the top soil. The work of these authors was conducted in volcanic soils in the state of Michoacán. Zero tillage in both cases resulted in a good alternative to increase C sequestration by soils. Influence of land use on carbon sequestration and erosion in Mexico, a review 25
SOIL EROSION
Most information on soil erosion losses has been obtained from measurements conducted in small runoff plots. However, large watersheds and models have also been studied. Variables studied on the small plots range from crops to soil management systems. Plots have been installed in dryland regions as well as on irrigated areas. Three contrasting conditions have been selected in the present paper: dryland agriculture, volcanic soils and hillside.
Soil erosion under rainfed-semiarid conditions.
The Aguascalientes study case (Osuna, 1997) Table VI shows the soil lost under various crops in a region with marked differences in seasonal precipitation (Osuna, 1997) . Average rainfall was 587 mm y -1 and had high erosive potential. Maize and beans are crops that require frequent weeding and showed higher soil losses than wheat, a crop that protects the surface because of its higher plant population. The effect of soil losses when maize was managed under different management practices is shown in Table VII . Under certain very specific conditions soil losses can be reduced by the use of the appropriate type of plow and zero tillage was not the best option. Maintaining an adequate soil cover appears to be as important as not cultivating the soil. In another series of experiments conducted under similar conditions of restricted rainfall, no advantages of the zero tillage over conventional tillage were observed (Jasso, 1997). These results mean that conservation tillage is not always an appropriate technique recommended for C sequestration.
Soil erosion in volcanic landscapes. The Pátzcuaro Basin study case (Tiscareño et al., 2000)
Andisols are easily erodible soils under dry or wet conditions due to their poor structure. In Pátzcuaro, where the small landholders grow annual crops under steep-slope conditions, soil erosion and nutrient losses are common features. Conservation tillage seems to be an appropriate technology to solve the above-mentioned problems. Tiscareño et al. (2000) (Fig. 8) .
Cropping systems, which use plow and disk on an 8% slope, produced high erosion. Soil losses averaged 3.2 Mg ha -1 y -1 in conventional tillage and approximately 0.3 Mg ha -1 y -1 in no-till plots. Reduction of storm water runoff (76%) with mulched no-till systems becomes a key factor to reduce sediments and promote infiltration and deep-water percolation. Soil moisture retention was also higher (53% in the first 150-mm soil layer) under the latter conditions. Carbon sequestration should be encouraged by conditions created in no-till treatments.
Soil erosion in hillside slopes. The PMSL (Oaxaca) study case (Martínez, 2002)
How soil management affects the water runoff, soil erosion and C losses was studied in three experimental watersheds of Oaxaca (Martínez, 2002) . Table VIII shows an example of the annual runoff, soil erosion and related parameters corresponding to various soil management systems in one of the experimental watersheds.
Runoff in most conditions was very low in spite of the high precipitation recorded (1000-2000 mm) and slopes ranging from 20 to nearly 50%. The values of the runoff coefficient (the relation between rainfall and runoff) allows us to conclude that most of the water infiltrates and does not run off. The treatments with the lowest runoff were the maize and fruit tree intercropping. Sediment concentration in runoff was very low as well as soil erosion, notwithstanding the slope conditions and the management systems. Storage C losses under these conditions were extremely low.
CONSERVATION TILLAGE
Zero tillage farming is a pre-hispanic practice probably dating back to 5000 to 9000 years ago. Seeds were planted after slashing and burning the native vegetation and the periods in between slash-and-burn cycles were long enough to allow the secondary vegetation to grow back to near its original state (Figueroa and Morales, 1992) . Soil erosion was rather negligible during that period. Today farmers make an average of 10 passes of machines over their fields in the traditional mechanized system (Anonymous, 2002) . FIRA (2000) estimates that in the year 2000 there were 850 thousand hectares under conservation tillage in Mexico, i.e. approximately 4% of the cultivated surface, mostly in the central states of Michoacán, Jalisco and Guanajuato. This surface is small when compared with figures given for other Latin American countries. Our interest in this subject is due to its close relationship with C sequestration and sustainable agriculture (Pieri, 2001; Pieri et al., 2002a, b) . To cope with the intensive rate of degradation, conservation tillage practices have been conducted in Mexico (Claverán, 2000; Claverán and Rulfo, 2001; Claverán et al., 1997; INIFAP, 2000; RELACO, 1997; Velásquez et al., 1997) , as well as in other Latin American countries (RELACO, 1993 (RELACO, , 1995 (RELACO, , 1997 (RELACO, and 1999 . CIMMYT has been one of the most active institutions in conducting research on conservation tillage in Mexico and Central America (Buckles and Erenstein, 1996; Erenstein, 1997 Erenstein, , 1999a Erenstein and Cadena, 1997; Sayre, 2000; Sayre et al., 2001; Scopel, 1997a, b; Scopel and Chávez, 1997; Scopel et al., 2001; Soule, 1997; van Nieuwkoop et al., 1994) ; however, little reference is made to C sequestration and soil erosion losses. A similar situation occurs in this work conducted at the Colegio de Postgraduados (García, 1994; Muñoz, 1993; Magallanes, 1999; Navarro, 1998; Pérez, 1996; Román, 1993; Uribe, 1997; Sandoval, 1997; Tapia, 1999; Vidal, 1994) . Experimental results have shown the significant advantages of zero tillage over both conventional and minimum tillage. Over 100 experiments conducted during a 5-year period showed that zero tillage reduced the erosion rate by nearly 80% in maize crops, and by nearly 95% in wheat crops with respect to conventional tillage (Osuna, 1997; Velásquez et al., 1997) . Under moderate slope conditions (8%) there was a considerable reduction of soil erosion in Andosols with zero tillage (90 to 60% reduction) as compared with conventional tillage . In cultivated lands on steeper slopes in southern Veracruz, Uribe (1998) determined that 27 kg of soil were lost per each kilogram of maize produced under conventional tillage; under zero tillage the loss was reduced to less than 1 kg. Erenstein O. (1999a) 
